In the Variscan Vosges Mountains (France) small bodies of orogenic garnet peridotite occur within felsic gneisses (former granulites). In most of these peridotite bodies the original garnet is completely transformed to kelyphite surrounded by a relatively thin two-layer corona of orthopyroxene 6 clinopyroxene and orthopyroxene þ clinopyroxene þ spinel, which was formed during decompression and reflects the transition from garnet peridotite to spinel peridotite. The porphyroblastic garnet peridotite of Laveline-du-Houx originally formed at 4Á16 0Á2 GPa and 1000 6 20 C, as shown by geothermobarometry on relics of pyroxene and garnet. Geochemically, the rock is only moderately depleted relative to primitive mantle. It contains mineralogically zoned pseudomorphs after garnet, which formed during exhumation and allow for reconstruction of the retrograde pressuretemperature (P-T) path. Inside the commonly present, marginal, two-layer corona of these pseudomorphs, there follow two additional spherical shells: a relatively thick shell consisting of Al-rich pyroxenes (with small inclusions of chemically modified garnet relics) and spinel followed by an inner shell containing the assemblage sapphirine þ Al-rich orthopyroxene þ Al-rich clinopyroxene 6 spinel. Both shells were generated by metasomatic reactions (introduction of Na and Ca) between garnet and olivine at pressures between about 2Á3 and 1Á0 GPa and temperatures of 950-1000 C. Increasing infiltration of water during exhumation is documented by inclusions of aspidolite in spinel and by formation of amphibole in the sapphirine-bearing zone. Locally, spaces between Al-rich orthopyroxene and clinopyroxene reacted to olivine, plagioclase and minor amounts of Al-poor pyroxenes, indicating pressures below $0Á7 GPa. Moreover, sapphirine became partially or completely converted to fine-grained symplectitic aggregates of spinel and plagioclase, and Alrich clinopyroxene partially reacted to a very fine-grained symplectite of amphibole, plagioclase, and minor spinel. Relic garnet in the central parts of the pseudomorphs was almost completely transformed to kelyphite. The near-isothermal exhumation path of this small ultramafic body indicates rapid exhumation that seems only possible within a larger mass of less dense, more felsic rocks, which also underwent ultrahigh-pressure metamorphism, but reequilibrated much faster and more efficiently than its ultramafic passenger during uplift.
INTRODUCTION
Mg-Cr type garnet peridotites occurring as relatively small lenses within felsic granulites or gneisses form a characteristic constituent of deeply eroded collision belts, such as, the Dabie-Sulu ultrahigh-pressure (UHP) metamorphic belt in China or the Variscan belt of Europe (e.g. Altherr & Kalt, 1996; Medaris et al., 2005 Medaris et al., , 2009 Chen et al., 2015; Liu et al., 2015) . The genesis of this rock association represents one of the most important issues when dealing with the evolution of collision belts. It is only a short while ago that we learned that the felsic granulites and gneisses may have a common P-T history with the enclosed garnet peridotites as, for example, in the Bohemian Massif (Kotková et al., 2011; Perraki & Faryad, 2014; Haifler & Kotková , 2016) . During exhumation of this rock assemblage from ultrahighpressure/high-temperature (UHP/HT) conditions, retrogression occurred to variable degrees, depending on rock composition and texture as well as on the available amount of fluid. Since quartz-rich granitoid rock compositions are less viscous than peridotitic rocks at the same temperature, it is clear that granitoids are more susceptible to retrogression than the latter (Liu et al., 2015) .
The formation of sapphirine is restricted to bulk compositions with high Al and Mg contents and to high temperatures (750-1100 C) and intermediate pressures (0Á7-1Á8 GPa; e.g. Ackermand et al., 1975; Christy, 1989; Sato et al., 2006; France et al., 2009; Su et al., 2012; Tumiati et al., 2018) . Stable metamorphic parageneses with sapphirine þ clinopyroxene are rare (Christy, 1989; Gré goire et al., 1994 Gré goire et al., , 1998 Su et al., 2012; France et al., 2015) . This study deals with the occurrence of subhedral sapphirine (up to 900 mm maximum linear dimension) coexisting with Al-rich orthopyroxene, Al-rich clinopyroxene and minor spinel within large pseudomorphs after garnet (up to 7 mm in diameter) in a retrograde UHP garnet peridotite from the Variscan Vosges Mountains at Laveline-du-Houx.
GEOLOGICAL SETTING
The Variscan collisional belt resulted from the convergence between Laurussia and Gondwana during Devonian to Carboniferous times (Kroner & Romer, 2013 and references therein) . Located in the central European part of this belt, the Vosges Mountains in northeastern France are geologically subdivided into three parts (Fig. 1a) .
The Northern Vosges comprise Devonian to Lower Carboniferous sediments and calc-alkaline volcanic rocks (Bruche unit), low-grade metapelitic phyllites (Steige unit) and low-grade metapelitic and quartzopelitic metasediments (Villé unit) (e.g. Reitz & Wickert, 1989; Piqué et al., 1994) . In the Late Visean, these rocks became intruded by I-and S-type granitoids (e.g. Edel et al., 1986; Altherr et al., 2000) .
In the Southern Vosges, a Late Devonian/Early Carboniferous oceanic basin is documented by ophiolitic remnants that are tectonically intercalated between the 'autochthonous' Oderen-Thann unit in the south and the allochthonous Markstein unit in the north (Fig. 1a) . Whereas the Oderen-Thann unit consists of Upper Devonian carbonates and clastic sediments overlain by Lower Carboniferous volcanosedimentary rocks, the Markstein unit represents a Late Devonian/Early Carboniferous turbidite basin (Piqué et al., 1994; Montenari et al., 2002; Krecher & Behrmann, 2007; Skrzypek et al., 2012b) .
The Central Vosges are separated from the Northern Vosges by the Lalaye-Lubine dextral fault zone and consist of high-grade metamorphic rocks and granitoids (Wickert & Eisbacher, 1988; Eisbacher et al., 1989) . The metamorphic rocks have been classically divided into three tectonic units (Rey et al., 1989 (Rey et al., , 1991 Fluck et al., 1991; Latouche et al., 1992; Schulmann et al., 2002; Skrzypek et al., 2012a Skrzypek et al., , 2014 Lardeaux et al., 2014) . The structurally lowermost 'Monotonous Group' consists of anatectic biotite-sillimanite paragneisses with intercalated bodies of spinel peridotite. The intermediate 'Varied Group' comprises anatectic garnet-biotite paragneisses and subordinate orthogneisses, amphibolites, quartzites and marbles. The 'Granulite Group' at the top consists of relict granulites containing lenses of relic garnet-spinel and garnet peridotites (Hameurt, 1968) . Primary equilibration conditions of some garnet peridotite bodies from this unit have been estimated at 4-6 GPa and 1000-1100 C (Altherr & Kalt, 1996) . The garnet peridotite of Laveline-du-Houx is enclosed within relic granulites (Fig. 1b) .
U-Pb dating on zircon from gneisses and relic granulites of the three lithologic units have yielded ages of $342-335 Ma for zircon rims, interpreted as the age of the last low-P/high-T metamorphism (Schaltegger et al., 1999; Skrzypek et al., 2012a) . The metamorphic rocks of all three groups are intruded by late Lower Carboniferous I-and S-type granites with ages between 335 and 331 Ma (e.g. Schaltegger et al., 1996; Alexandrov et al., 2001; Cocherie et al., 2004; Tabaud et al., 2015) .
ANALYTICAL METHODS
Mineral analyses were carried out at the Institute of Earth Sciences at Heidelberg University with a Cameca SX51 electron microprobe equipped with five wavelength-dispersive spectrometers. Operating conditions were 15 kV accelerating voltage, 20 nA beam current and a beam diameter of $1 mm, except for 5-10 mm for plagioclase and 20 mm for the bulk composition of kelyphite. Plagioclase as part of symplectitic and kelyphitic zones could hardly be analysed, since at the smallest electron beam diameter ($1 mm), Na evaporated considerably (10-20%) resulting in incorrect analytical results. Counting time was 10 s for Fe, Mn, Na and K, 20 s for Si, Al, Mg and Ca, and 30 s for Ti. Natural and synthetic oxide and silicate reference materials were used for calibration. Matrix corrections were performed online with the PAP algorithm (Pouchou & Pichoir, 1984 .
For bulk-rock analysis, about 1 kg of sample was processed in a steel jaw crusher. After splitting, $ 100 g was ground in an agate ring-disc mill. The rock powder was then dried at 105 C. Major elements were determined by wavelength dispersive X-ray fluorescence (WDXRF) using lithium borate fusion disks. Abundances of Cr and Ni were also measured by WDXRF using pressed powder tablets. Calibration was done with international reference samples.
SAMPLE DESCRIPTION AND PETROGRAPHY
The garnet peridotite from Laveline-du-Houx forms part of the 'Granulite Group' in the Central Vosges and is Geological map of the area with felsic gneisses containing small bodies of garnet peridotite (1, Laveline-du-Houx; 2, Belle Vue; 3, Champ de Laxet; 4, Col de Perthuis near Liezey; 5, l'Etang d'Oran; 6, Roche des Bruyè res; 7, Au Trout Vauthier; 9, La Charme; 10, Flaconniè res) and spinel-garnet peridotite (8, Cré bimont). The field of felsic gneisses (former granulites) contains rocks that were termed leptynites, migmatites and granitic gneisses by Hameurt (1967a Hameurt ( , 1967b and Vincent et al. (1985) .
located about 16 km to the northwest of Gé rardmer (N48 08.641' / E06 42.230'; Vincent et al., 1985) (Fig. 1 ). In the description of this rock, mineral abbreviations as given in Whitney & Evans (2010) and Roman numerals are used to describe different mineral generations (or phases of rock evolution), whereas letters after the Roman numerals stand for different textural domains and not necessarily for a temporal sequence.
During decompression, the original garnet peridotite (stage I) was mineralogically transformed, whilst rock deformation was insignificant. The nearly isotropic rock shows a porphyroblastic texture with a spinel-free, finegrained matrix of Cpx I, Opx I, and Ol I, in which large pseudomorphs after Grt I (up to 0Á7 cm in diameter) are abundant ( Fig. 2a-c ) and point to later evolutionary stages. Although the matrix is significantly serpentinized, it still contains abundant olivine and pyroxenes that once coexisted with Grt I. Besides late-stage serpentine, there is no other hydrous phase present in the matrix.
The pseudomorphs after Grt I are mineralogically zoned ( Fig. 2b-d) . From rim to core of these pseudomorphs, several open sub-systems can be distinguished: A relatively thin coarse-grained corona of Opx IIa (rarely accompanied by minor Cpx IIa) is followed by a somewhat thicker symplectitic sub-zone of Opx IIb þ Cpx IIb þ Spl IIb. Both sub-zones are clearly defined against each other (Fig. 2d) . The inner subzone IIb merges rapidly but gradually into a more coarsegrained and relatively broad inner sub-zone IIc with Opx IIc þ Cpx IIc þ Spl IIc 6 Amp IIc. Both IIc pyroxenes are Al-rich and may contain inclusions (<60 mm) of Grt IIc that are never in contact with Spl IIc. Additionally, Spl IIc rarely contains inclusions of aspidolite (Asp IIc).
Sub-zone IIc passes gradually into a zone III that consists of granoblastic Spr III þ Opx III þ Cpx III 6 Spl III 6 Amp III . Spinel III in this zone is rare and occurs only in the transitional area between subzone IIc and zone III. There are, however, stable contacts between Spr III and Spl IIc/III. Due to the relatively large grain size, it is difficult or even impossible to clearly separate sub-zone IIc from zone III (Figs 2a-c) . Textural relationships of Amp III often suggest that this phase is contemporaneous with the other zone-III minerals, but there are also examples, where Amp may be somewhat younger.
All minerals of zones IIc and III are often, but not always, marginally altered or completely transformed to other phases (stage IV): (1) Sapphirine III may be partially or completely replaced by a symplectite of Spl IVa þ Plg IVa (Fig. 3a-b , e, 4a-f); (2) In the spaces between Alrich Opx IIc, Cpx IIc and Spl IIc grains, the retrograde reaction of these phases to Plg IVb þ Ol IVb is often clearly visible (Figs 5a-f, 6d ). The Ol IVb-bearing spaces are often separated from larger Spl IIc grains by an intermediate zone of larger Plg IVb3 crystals that may be chemically zoned (Fig. 5d) ; (3) Along former contacts between symplectite IVa and Opx III, allochemical transformation of Opx III to phlogopite IVc can be observed (Fig. 4c) , but there are also stable contacts between Spr III and Opx III; (4) Clinopyroxene IIc and III may be partially replaced by a symplectite of Amp IVd þ Plg IVd þ Spl IVd (Fig. 6e-f) ; (5) The innermost parts of larger pseudomorphs after Grt I consist of very fine-grained kelyphite, which is composed of Opx IVe, Amp IVe (6 Cpx IVe), vermicular Spl IVe and, or, Plg IVe as a matrix mineral. In very rare cases, this kelyphite still contains a core of relic Grt I (Fig. 3e-f ).
BULK-ROCK COMPOSITION AND MINERAL CHEMISTRY

Bulk-rock composition
The bulk-rock composition of the metaperidotite is 42Á83 wt % SiO 2 , 0Á14 wt % TiO 2 , 4Á05 wt % Al 2 O 3 , 7Á68 wt % FeO tot , 0Á10 wt % MnO, 35Á57 wt % MgO, 2Á97 wt % CaO, 0Á60 wt % Na 2 O, 0Á04 wt % K 2 O, 0Á.01 wt % P 2 O 5 , 0Á33 wt % Cr 2 O 3 , 0Á24 wt % NiO, and 6Á20 wt % loss on ignition (LOI), with a total of 100Á76 wt %. This composition results in an Mg# [¼ 100*Mg/(MgþFe tot )] of 89Á2. When this analysis is calculated on a LOI-free basis and normalized to 100 wt %, the resulting values compare well with the estimated composition of the primitive mantle (PM) (e.g. Palme & O'Neill, 2014) . While the MgO and Na 2 O contents of the investigated peridotite are somewhat higher than in PM (37Á62 vs 36Á81 wt % and 0Á63 vs 0Á44 wt %, respectively), the concentrations of TiO 2 (0Á15 vs 0Á21 wt %), Al 2 O 3 (4Á28 vs 4Á51 wt %) and CaO (3Á14 vs 3Á65 wt %) are lower. FeO tot (8Á12 wt %) is identical in both compositions.
Garnet
Garnet compositions are given in Table 1 0Á64-0Á78. Furthermore, the Mn contents of Grt I range from 0Á01 to 0Á02 cpfu, while Grt I-rims have higher contents of 0Á02-0Á11 cpfu.
Relative to Grt I, the composition of Grt IIc is characterized by lower values of mg# (0Á70-0Á77), but higher contents of Ca (0Á32-0Á56 cpfu), Cr (0Á05-0Á10 cpfu) and Mn (0Á03-0Á08 cpfu). Na contents (< 0Á004 cpfu) are lower than in Grt I (0Á007-0Á021 cpfu).
In comparison to the average Grt I composition, bulk kelyphite has higher contents of Na 2 O (0Á57 vs 0Á10 wt %), CaO (4Á90 vs 4Á43 wt %), Cr 2 O 3 (0Á85 vs 0Á61 wt %), and FeO tot (8Á96 vs 8Á65 wt %), but lower concentrations of MgO (19Á5 vs 20Á8 wt %) and TiO 2 (0Á31 vs 0Á44 wt %). These data confirm a metasomatic origin for the kelyphite.
Olivine
Olivine I has a composition that is typical for olivine from a fertile peridotite with mg# and NiO varying from 0Á89 to 0Á90 and from 0Á30 to 0Á46 wt %, respectively (Table 1 and Supplementary Data File S2). Olivine IVb has slightly lower mg# ($0Á88) and considerably lower NiO (0Á14-0Á19 wt %) than Ol I. ¼ not determined; n.c.
).
Orthopyroxene
The different textural types of orthopyroxene have different chemical compositions (Figs 7 and 8a; with Al IV ranging from 0Á21 to 0Á26 cpfu and Al VI ranging from 0Á17 to 0Á22 cpfu. Cr is relatively high (0Á01-0Á02 cpfu). The outer zones of the Opx IIc and III grains (Opx IIc-rim and III-rim) are characterized by a rimward increase in Si and Mg, but a decrease in Ti, Al IV , Al VI and Cr, whereas Fe is nearly constant (Fig. 7a-g ). The Ca contents of the Opx III cores increase initially, but decrease in the rim zones (Fig. 7h) . The mg# values of the Opx IIc and III grains are significantly lower than those of the Opx I and Opx IIa/IIb grains (Fig. 8a, Table 2 ). Opx IVb has low Al IV contents (0Á04-0Á08 cpfu) and Al VI near zero. The mg# values are around 0.87. In marked contrast, Opx IVe as a kelyphite phase is relatively rich in Al IV (0Á13-0Á21 cpfu) and Al VI between 0Á07 and 0Á.14 cpfu and has low mg# of 0Á84.
Clinopyroxene
Clinopyroxene I has high mg# values (0Á89-0Á91) and relatively low contents of Al IV (<0Á08 cpfu) and Al VI (0Á08-0Á13 cpfu) ( Fig. 8b ; Al ranging from 0Á20 to 0Á31 cpfu and from 0Á19 to 0Á29 cpfu, respectively. The rims have lower IV Al (0Á10-0Á19 cpfu), but similar VI Al (0Á23-0Á30 cpfu). Furthermore, the rims are characterized by higher Si and Mg, but lower Ti and Cr contents. All these Cpx generations have high Na contents (Table 3) . Cpx I has 0Á09-0Á17 cpfu Na, with a mean of 0Á13760Á023 cpfu, whereas Cpx IIa and IIb are characterized by slightly lower Na contents (0Á05-0Á16 cpfu with a mean of 0Á110 6 0Á036 cpfu, 1r). Cpx IIc and III show similar compositions with Na concentrations between 0Á06 and 0Á23 cpfu, with a mean of 0Á120 6 0Á024 cpfu (1r), whereas their rim compositions have still higher values (0Á09-0Á22 cpfu) with a mean of 0Á18060Á030 cpfu (1r). Cpx IVb has low IV Al contents (0Á02 cpfu), somewhat higher VI Al contents (0Á05 cpfu) and high contents of Ca (0Á88 cpfu), but low contents of Na (0Á04 cpfu).
Spinel
The different textural types of spinel have similar compositions, with minor variations ( 
Aspidolite
Aspidolite exclusively occurs as inclusions in Spl IIc grains (Fig. 6c) . Compositions are given in Table 1 and in Supplementary Data File S6. The mineral is rich in Mg (mg# ¼ 0Á91-0Á95) and Na (Na/(NaþK) ¼ 0Á91-0Á96).
Sapphirine
Sapphirine III shows a restricted compositional range (Table 1 ; Supplementary Data File S7). Based on 20 oxygens and 14 cations, Si ranges from 1Á65 to 1Á84 cpfu, (SiþMgþFe 2þ þMn) from 5Á31 to 5Á69 cpfu, and (AlþCrþFe 3þ ) from 8Á30 to 8Á68 cpfu. This composition is between those of the 7:9:3 and 4:4:2 endmembers (Fig. 9a ) and seems to be typical for sapphirine coexisting with clinopyroxene (see analyses given in Christy, 1989; Gré goire et al., 1994 Gré goire et al., , 1998 Su et al., 2012; France et al., 2015) . The mg# is 0Á8960Á01 (1r) and the calculated iron oxidation ratio [Fe 3þ /(Fe 2þ þFe 3þ )] is 0Á236 0Á02 (1r). Such a high iron-oxidation ratio is typically regarded as rare for sapphirine, but even higher ratios have repeatedly been found at other localities in peridotites and pyroxenites (e.g. Mohan & Windley, 1993; Gré goire et al., 1998; Su et al., 2012; France, 2015) . The larger crystals from our sample are chemically zoned; Si and Al show M-and W-shaped concentration profiles, respectively, whereas Cr shows a U-shaped profile ( Fig. 9b-d) .
Amphibole (pargasite)
Amphibole IIc and III grains are nearly colourless to yellowish brown in plane polarized transmitted light. Structural formulae were calculated by assuming an Feoxidation ratio of Fe 3þ /(Fe 2þ þFe 3þ ) ¼ 0Á30 ( 
DISCUSSION Evolutionary stages and metamorphic reactions
Petrographic evidence suggests four evolutionary stages for the retrogressed garnet peridotite. These stages are described as follows. 
Stage I
A garnet peridotite stage with Ol I þ Opx I þ Cpx I þ Grt I during which the rock was fairly well equilibrated.
Stage II
Metamorphic reaction between Grt I and Ol I produced three-part reaction zones around relict Grt I grains (Fig. 2d) : An outer sub-zone of relatively coarse-grained Opx IIa 6 Cpx IIa is sharply separated from the central sub-zone IIb that consists of symplectitic Opx IIb þ Cpx IIb þ Spl IIb and merges structurally into a broader inner subzone of relatively coarse-grained Opx IIc þ Cpx IIc þ Spl IIc 6 Grt IIc. Tiny Grt IIc grains form relic inclusions within Opx IIc and Cpx IIc grains and rarely also within Amp IIc grains. Most probably these inclusions represent chemically adapted relics of Grt I.
The intial breakdown of the assemblage Grt I þ Ol I was caused by decompression from the garnet peridotite stability field into the garnet-spinel and spinel peridotite fields, characterized by the sliding reaction (near to the original phase boundary between olivine and garnet):
The balanced reaction is 2Á000 (Obata, 2011) . During continued uplift of the rock and progress of this reaction, the relative contribution of olivine decreased and the reaction zone between Grt I and Ol I became broader. At the same time, the available amount of Na increased, and both pyroxenes IIc show increasing contents of Tschermak's molecule (MgTs and CaTs): At the end of this stage, there was still Grt I in the center of the pseudomorphs, but separated from olivine by relatively broad zones of Opx IIc þ Cpx IIc þ Spl IIc and the initial reaction zone (IIa and IIb). Furthermore, inclusions of Asp IIc within Spl IIc (Fig. 6c) indicate that there was some water available for the introduction of Na and K into the pseudomorphs after Grt I. For simplicity, the formation of Asp IIc and of Grt IIc was not considered in reaction (1b).
Stage III
During ongoing decompression and increasing influx of water (þ Na, Ca, K), more Grt I became consumed and the assemblage Opx III þ Cpx III þ Spr III 6 Spl III was produced in the more internal parts of the pseudomorphs. The fact that zone IIc contains much Spl IIc, whereas the inner zone III contains Spr III but almost no Spl III may be caused by slightly different bulk compositions (earlier zonation of Grt I with Mg decreasing and Fe increasing from core to rim), allochemical garnetconsuming reaction(s), and, or, a progressive change in P-T conditions during garnet decomposition. At the end of stage III, Grt I was completely eliminated in many, but not in some of the largest pseudomorphs.
Furthermore, a strong decrease of IV Al and VI Al contents in the outermost zones of pyroxenes IIc and III (Figs 7c, d and 8) was caused by a decrease in T, most probably connected with further decompression.
The formation of Spr III in pseudomorphs after garnet was probably due to the reaction: . Additional P-T data for stage I (grey field) were obtained using a combination of the Cr-inCpx barometer and the Al-in-Opx thermometer of Nimis & Taylor (2000) . The application of the combination of the Al-in-Opx barometer of Nickel & Green (1985) with the two-pyroxene thermometer of Taylor (1998) results in similar P-T conditions for stage I of 4Á1 6 0Á2 GPa and 9946 60 C (not shown). Conditions of stage IIc (magenta field) are not completely clear but the results from the Ca-in-Opx thermometer of Brey & Kö hler (1990) are shown for an assumed pressure of $1Á3 GPa. Sapphirine was formed during stage III at pressures of $1 GPa (green field). While the Spr-Spl thermometer of Sato et al. (2006) yielded temperatures around 1000 C, application of the Ca-in-Opx thermometer of Brey & Kö hler (1990) to Opx III grains resulted in temperatures of about 950 C at 1 GPa. For further explanation see the section in the main text on metamorphic evolution and P-T path. For better orientation, the boundaries between garnet, garnet-spinel, spinel, and plagioclase peridotite are included. These data are taken from Ziberna et al. (2013, Fig. 3a) and Borghini et al. (2011, Fig . 4 ). Diamond-graphite and low-quartz-coesite transition curves are taken from Day (2012) and from Mirwald & Massonne (1980) , respectively. 
Stage IV
This stage was dominated by increased local influx of water that promoted further retrogression in both the former garnet porphyroblasts and the matrix, and helped to transport considerable amounts of Na, Ca, Al, and K into the pseudomorphs, whereby the intensity of this metasomatism and of the retrograde reactions was locally very different. Moreover, the grain size of alteration products not only depends on T, but also on the availability of fluid and on other variables. Therefore, we feel partially unable to force the alterations during this stage into a temporal sequence, primarily because most of these alterations took place at different locations within the pseudomorphs. Sapphirine III was partially or completely replaced by a symplectite consisting of Spl IVa þ Plg IVa (Fig. 4b-f ). This transformation was caused by an H 2 O-rich fluid phase that introduced Na, Ca and additional Al into the reactive system: . It has to be noted that at elevated P and T, the solubility of Al in hydrous fluids is significantly enhanced, since Si-Al, Si-Na, and Si-AlNa oxide clusters are formed (e.g. Manning, 2018) . Still later, Plg IVa in these domains was partially altered to sericite, indicating further introduction of K.
Another reaction during stage IV is observed in domains where Al-rich Opx IIc is partially transformed to Plg IVb1 þ Ol IVb (Fig. 5d-e) : Eventually, Plg IVb1 contains small Al-poor Opx IVb grains as an additional product phase. Moreover, one can also observe the metasomatic reaction of Cpx IIc to Plg IVb2, Ol IVb (Fig. 5b) and minor amounts of Spl IVb: where
The relatively large amount of CaO as a product of reaction (3c) was probably used in reactions (3a) and (3b). There may also exist minor amounts of newly-formed Cpx IVb that are very poor in Al (Table 3) .
Still later, the introduction of H 2 O-rich fluid (including K, Na and Ba) into the grain boundaries between symplectite IVa and Opx III (Fig. 4c) caused the formation of phlogopite: In some parts of the more altered rock, Al-rich Cpx IIc is partially transformed into a symplectite consisting of Plg IVd þ Amp IVd þ Spl IVd (Fig. 6e-f) . Unfortunately, we were not able to obtain reliable mineral analyses of these very fined grained symplectite phases.
In the central parts of larger garnet pseudomorphs, kelyphite consisting of Opx IVe þ Amp IVe þ Spl IVe þ Plg IVe indicates that some Grt I survived stage III. The kelyphitization of this remaining Grt I during stage IV proceeded almost to completion, but small relics of this phase have rarely been preserved within the inner parts of larger pseudomorphs (Fig. 3f) .
Retrograde P-T path
Geothermobarometric calculations may help to better define the P-T conditions of evolutionary stages I-IV. In order to avoid the problem of the influence of ferric iron in geothermobarometry (e.g. Matjuschkin et al., 2014; Nimis et al., 2015) , thermobarometers that are based on the partitioning of Fe 2þ and Mg between garnet and pyroxenes will not be used. We will, however, use the P-T data obtained from the Mg-Fe 2þ exchange between sapphirine and orthopyroxene (Kawasaki & Sato, 2002) and sapphirine and spinel (Sato et al., 2006) . Furthermore, the two-pyroxene solvus-based thermometer of Brey & Kö hler (1990) will not be used, since both pyroxenes of the peridotite from Laveline-du-Houx are characterized by relatively high Na contents (e.g. 0Á10-0Á22 cpfu in Cpx I; Table 3 ), which are known to cause temperature values that are too high (Nimis & Grü tter, 2010) . Geothermobarometers used in this work are given in Table 4 .
Pressure and temperature conditions of stage I were estimated by combining the Al-in-Opx barometer with the Ca-in-Opx thermometer of Brey & Kö hler (1990) ; this resulted in P-T values of 4Á16 0Á2 GPa and 1000620 C (Table 4 and Fig. 10 ) that are similar to those obtained for other garnet peridotites from the 'Granulite Group' of the Vosges Mts (Altherr & Kalt, 1996) . Alternatively, we also used a combination of the Al-in-Opx barometer of Nickel & Green (1985) with the two-pyroxene thermometer of Taylor (1998) , which seems to be more robust against high Na contents in Cpx. This geothermobarometer combination yields similar results of 4Á16 0Á2 GPa and 994 6 60 C. Note that the two formulations of the Al-in-Opx barometer of Brey & Kö hler (1990) and Nickel & Green (1985) yield results that are extremely similar, with differences of less than 0Á03 GPa. Moreover, the application of the Crin-Cpx barometer in combination with the En-in-Cpx thermometer of Nimis & Taylor (2000) results in larger uncertainties for both P (4Á6 6 0Á6 GPa) and T (1000660 C). The transition from garnet to spinel peridotite with decreasing P includes an intermediate field of spinelgarnet peridotite and it has been shown that the pressure range of this field depends on both the T and Cr# [¼ Cr/(CrþAl)] of the system (Klemme, 2004; Green et al., 2012; Ziberna et al., 2013; Chen et al., 2015) . Since the bulk-rock analysis of the peridotite from Lavelinedu-Houx indicates a low Mg# of 89Á2 in combination with a relatively high Al 2 O 3 content, the Cr# values of Grt I are low (0Á01-0Á02) and all these characteristics reflect either minor depletion and, or, appropriate refertilization after depletion of the investigated peridotite. In the system Na 2 O-CaO-FeO-MgO-Al 2 O 3 -Cr 2 O 3 -SiO 2 , the pressure range for a fertile spinel-garnet lherzolite may be rather small (DP % 0Á03 GPa) and is located around 1Á5 GPa at 1000 C (Jennings & Holland, 2015) . Other authors, however, calculated diagrams for fertile peridotites in which DP at 1000 C is larger and ranges from about 1Á5 to 2Á3 GPa (e.g. Ziberna et al., 2013; Chen et al., 2015) . In any case, this pressure interval increases with both decreasing T and increasing peridotite depletion (e.g. Ziberna et al., 2013; Chen et al., 2015) . Therefore, we conclude that during exhumation, the well-known reaction (1a) started between 1Á5 and 2Á3 GPa.
For a pressure of 1Á3 GPa, the Ca-in-Opx thermometer of Brey & Kö hler (1990) yields temperature values of 940 6 20 C ( Fig. 10 ; Table 4 ). Note, that this thermometer is based on the solvus of coexisting Cpx and Opx and can, therefore, be applied to Opx coexisting with Cpx without the coexistence of garnet.
After stage II, relict Grt I (or its successor Grt IIc) was no longer in contact with olivine I. Most probably, reaction (1b) slowed down as the reaction zone between Grt I and Ol I widened. During stage III, the assemblage Opx III þ Cpx III þ Spr III 6 Spl III was formed inside former Grt I. In fertile peridotite compositions, the lower-P boundary for garnet at 950 C is at $1Á5 GPa (Ziberna et al., 2013; Chen et al., 2015; Jennings & Holland, 2015) and the transition from spinel to plagioclase peridotite occurs at $0Á75-0Á95 GPa (at 950 C) and $0Á70-0Á85 GPa (at 800 C), depending on the specific chemical composition of the peridotite (Borghini et al., 2010 (Borghini et al., , 2011 Fumagalli & Klemme, 2015; Fumagalli et al., 2017) .
For stage III, the Ca-in-Opx thermometer of Brey & Kö hler (1990) yielded a temperature of 950 6 25 C at an assumed pressure of 1Á0 GPa (Table 4) . High temperatures of $950 C and pressures of 0Á80-1Á15 GPa for this stage are also suggested by the presence of Spr III. Tumiati et al. (2018) published a pseudosection (P-T diagram) for a symplectite consisting of Spr þ Al-rich Opx þ Amp þ Spl, which was generated within a shear zone through a peridotitic garnet from Monte Duria (Central Alps, Italy). The composition of this garnet is nearly identical to that of Grt I studied here. In such a system at 900-1000 C, sapphirine is only stable between 1Á15 and 0Á80 GPa (Fig. 13 of Tumiati et al., 2018) . The assemblage Spr þ Opx þ Amp 6 Cpx 6 Spl without Grt is only stable below $1 GPa, whereas Spr in association with Grt may be stable at higher P up to 1Á15 GPa. Application of the experimental calibration of the Fe 2þ -Mg exchange thermometer between sapphirine and spinel (Sato et al., 2006) yielded relatively high temperature values of 1013612 C (at 1.1 GPa) and 1000612 C (at 0.8 GPa). A similar value of 9946120 C is obtained with the Spr-Opx thermometer of Kawasaki & Sato (2002) . This thermometer is formulated without a pressure dependence. These temperature values are possibly too high, as the Spr analysed is characterized by relatively high contents of Fe 3þ , which may point to relatively high ƒO 2 values.
Pressure and temperature conditions of the mineral transformations during stage IV can be estimated as follows. First of all, pressures must have been below about 0.7 GPa allowing for the appearance of Plg IVb þ Ol IVb (Borghini et al., 2010 (Borghini et al., , 2011 . Since an H 2 O-rich fluid phase was present, experimental data on melting of plagioclase in the system Ab-An-H 2 O (Johannes, 1978) allow for the estimation of maximum temperatures for plagioclase formation. For a plagioclase with composition An 50 (Plg IVb1), the melting curve in the wet system is located at $825 C/0Á5 GPa (P H2O ) and for a plagioclase An 10 (Plg IVb2) the melting temperature would be at $750 C/0Á5 GPa. For P H2O ¼ 0Á7 GPa, the melting temperatures would be somewhat lower for both compositions.
Both the patchy decay of Al-rich Cpx IIc to a symplectite of Amp IVd þ Spl IVd þ Plg IVd and the local breakdown of Spr III to a symplectite of Spl IVa þ Plg IVa (reaction 3a) strongly argue for the fluid-driven nature of these reactions and a temperature decrease at low P.
In conclusion, the observed parageneses I to IV in the former garnet peridotite suggest a near-isothermal decompression from initial conditions of about 4Á1 GPa and 1000 C to about 1 GPa and $950 C, followed by further decompression into the plagioclase þ olivine field, i.e. below $0Á7 GPa, accompanied by cooling to temperatures below 800 C. Such a P-T path is only possible during rapid exhumation.
Origin of the granulite-garnet peridotite association
In the central European Variscan belt (e.g. the Bohemian Massif, Vosges Mts., French Massif Central), the spatial association of garnet peridotites and felsic to intermediate (retrograde) granulites is a common phenomenon. This raises the question about the origin of this rock association. For a long time, this contentious issue remained unsolved due to insufficient knowledge of the history of the granulites. Whereas the garnet peridotites were originally in equilibrium at 4-6 GPa and $1000-1100 C (e.g. Medaris & Carswell, 1990; Altherr & Kalt, 1996; Medaris et al., 2005 Medaris et al., , 2009 Naemura et al., 2011) , the high-P granulites appeared to have been formed at 1Á5-2Á0 GPa and 900-1000 C (e.g. Marschall et al., 2003; O'Brien & Rö tzler, 2003; Medaris et al., 2005; Kotková , 2007; Teipel et al., 2012) . It is, however, necessary to take into consideration the very high reactivity of relatively fine-grained quartzofeldspathic rocks, in particular in the presence of water. Therefore, it is hardly surprising that it took quite some time before Kotková et al. (2011 ), Perraki & Faryad (2014 and Haifler & Kotková (2016) discovered UHP relics such as diamond and coesite in felsic to intermediate granulites from northern Bohemia, and, therefore, could suggest a common metamorphic origin of these rocks with the associated garnet peridotites from a depth of around 150 km. Furthermore, it was shown that spinel-garnet peridotites, which occur in the same granulite (Gfö hl) unit as the garnet peridotites, have a more complicated dual-phase history, whereby an older spinel peridotite stage was followed by a garnet peridotite stage, documented by diamond (Naemura et al., 2009 (Naemura et al., , 2011 . Years before, Becker & Altherr (1992) had described a calcsilicate marble associated with garnet peridotite and felsic granulite in the southern Bohemian Massif in Lower Austria. This marble contains K-bearing clinopyroxene with K-rich feldspar exsolutions. According to later experimental data on the P-T dependence of the K content in clinopyroxene (e.g. Harlow, 1997; Harlow & Davies, 2004; Safonov et al., 2011) , this rock equilibrated at more than 4 GPa. All these results allow for a model in which quartz-bearing crustal rocks became subducted and welded with minor volumes of mantle rocks at great depths, before this package was transported back into the continental crust (e.g. Faryad, 2009; Kotková et al., 2011; Hacker et al., 2013) .
In the Vosges Mts, the primary metamorphic mineral assemblages of the quartzofeldspathic granulites have hardly been preserved during exhumation and concomitant retrogression (Hameurt, 1967a (Hameurt, , 1967b (Hameurt, , 1968 Pin & Vielzeuf, 1983; Rey et al., 1989; Fluck et al., 1991; Latouche et al., 1992; Gayk & Kleinschrodt, 2000) . These rocks now consist of recrystallized K-feldspar, plagioclase and quartz with minor amounts of garnet (partially transformed to biotite), rutile and kyanite (often transformed to sillimanite). Mesoperthite has only rarely been preserved. Zr-in-rutile thermometry has yielded relatively high temperatures (924648 C) for rutile grains included in garnet, but lower values (8766 19 C) for matrix rutile (Skrzypek et al., 2012a) . It is important to note that Gayk & Kleinschrodt (2000) described a hot contact between the garnet peridotite of La Charme (Fig. 1b) and granulitic felsic gneisses.
Exhumation of garnet peridotites and granulites: constraints on mechanisms and rates
Despite of nearly thirty years of discussion, the process of exhumation of UHP metamorphic peridotites together with crustal rocks is still one of the most intriguing topics in present-day Earth sciences (e.g. KylanderClark et al., 2012; Sizova et al., 2012; Hacker et al., 2013; Warren, 2013; Haifler & Kotková , 2016) . Understanding both the subduction and exhumation of UHP metamorphic rocks is only possible based upon geodynamic numerical and analogue modelling. However, most of the models presented so far used a prescribed plate convergence velocity that is independent of slab pull, and almost none of these models includes fluid-and melt-induced weakening of crustal rocks (e.g. Warren et al., 2008; Li & Gerya, 2009) . As a consequence, all these models predict subduction of crustal rocks to realistic depth or pressure values (i.e. 130-200 km or 4-6 GPa), but suggest maximum temperature values (600-850 C) that are often significantly lower than those recorded in many natural examples, such as the Bohemian Granulite unit. In addition, in most cases the resulting exhumation mechanism was channel flow. Sizova et al. (2012) , however, conducted a series of 2 D numerical experiments, which include the possible geodynamic effects of fluid-and melt-induced weakening of UHP continental material and in which the collision stage evolves self-consistently, driven by a spontaneous instead of a prescribed plate convergence velocity. The numerical experiments of these authors suggest that the best chance for high maximum temperatures at UHP conditions is given by a narrow passive margin between the oceanic and continental lithosphere of the lower plate. In this case, the subducted continental crust is subject to conductive heating (up to 1000 C) as the continental side of the vertically hanging slab comes into contact with the hot asthenosphere of the mantle wedge for a time span long enough to allow partial melting of the crust at UHP conditions. By such a process, both the density and viscosity are reduced, and this will trigger vertical crustal extrusion of the buoyant melt-bearing UHP rocks. Furthermore, small volumes of peridotite material from the mantle wedge may become attached to the continental material and may be transported down and up again.
The P-T path observed for the garnet peridotite from Laveline-du-Houx, with near-isothermal decompression after the HT/UHP metamorphic peak, followed by nearly isobaric cooling at <1 GPa is only possible if the rate of ascent is high as, for example, that of the Kokchetav Massif (1Á5-3Á0 cm a -1 ; Hacker et al., 2003) , the Dora Maira unit in the Western Alps (1Á6-3Á4 cm a -1 ; Rubatto & Hermann, 2001 ) and some other HT/UHP terranes (Ernst, 2006) . Moreover, there may exist a negative correlation between the size of an exhuming UHP terrane and its rate of ascent (Kylander-Clark et al., 2012) .
CONCLUSIONS
In the Vosges Mts (France), felsic gneisses inferred to represent former UHP eclogite-facies rocks occur in close association with small bodies of former garnet peridotite. The fertile garnet peridotite of Laveline-duHoux equilibrated at about 4Á1 GPa and 1000 C as suggested by geothermobarometry on primary pyroxenes and relic garnet. During exhumation, the porphyroblastic garnets were progressively transformed to new mineral assemblages. At first, a two-layer marginal corona consisting of orthopyroxene, clinopyroxene and spinel was formed around relic garnet. This corona developed due to the sliding reaction garnet þ olivine ¼ orthopyoxene þ clinopyroxene þ spinel that started at around 2Á3 GPa and 1000 C. During continued decompression, more garnet reacted with olivine to the assemblage high-Al Opx þ high-Al Cpx þ Spl. As indicated by the presence of amphibole and the high Na contents of the Al-rich pyroxenes, this reaction was not isochemical but documents the infiltration of Na. Both Al-rich pyroxenes contain small relict inclusions of modified garnet with lower mg# and higher Cr# than garnet I. In the more inner parts of the garnet pseudomorphs, sapphirine was formed instead of spinel. Most probably, this was due to lower P and, perhaps, chemical zoning of the original garnet. Temperatures during this phase (stage III) were still high, at least around 950 C. During continued exhumation, the rest of garnet I was transformed to kelyphite in the central portions of the pseudomorphs. Relics of garnet I within kelyphite are rare.
The exhumation of the relatively small bodies of garnet peridotite from depths of more than 120 km was only possible within much larger volumes of lowdensity felsic rocks. This exhumation to mid-crustal levels appears to have been driven by buoyancy causing near-vertical extrusion. The ascent rate must have been rapid, of the order of several cm a -1 , otherwise the high-T phase sapphirine could not have been formed within the pseudomorphs after garnet at $1 GPa and $950 C.
While the felsic metamorphic rocks reacted relatively fast to the process of near-isothermal decompression, the investigated garnet peridotite at least preserved some mineralogical signs of its UHP stage and decompression path.
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